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The Nuclear Data and Measurements Series presents results

of studies in the field of microscopic nuclear data. The primary
objective is the dissemination of information in the comprehensive
form required for nuclear technology applications. This Series is
devoted to: a) measured microscopic nuclear parameters, b) exper-
imental techniques and facilities employed in measurements, c) the
analysis, correlation and interpretation of nuclear data, and d) the
evaluation of nuclear data. Contributions to this Series are re-
viewed to assure technical competence and, unless otherwise stated,
the contents can be formally referenced. This Series does not sup-
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FAST-NEUTRON TOTAL AND SCATTERING CROSS SECTIONS OF
10754g IN THE MeV REGION*

by

A, Smith, P. Guenther, G. Winkler?® and J. Whalen
Argonne National Laboratory

ABSTRACT

Neutron total cross sections are measured from 0.25 to
4.5 MeV at intervals of ~10 keV, Neutron differential
elastic- and inelastic-scattering cross sections are measured
from 1.5 to 4.0 MeV at intervals of <0.2 MeV. Cross sections
for scattering into more than 20 energy groups are determined.
Cross sections calculated from an optical-statistical model
are in quantitative agreement with measured neutron total and
elastic-scattering cross sections and in qualitative agreement
with measured neutron inelastic-scattering cross sections. In
the context of this model, significant dependence of the
inelastic-scattering process on parity and/or deformation is not
in evidence. The interpretation of the observed neutron
inelastic-neutron~scattering results is consistent with pre-
vious reported J" assignments and the systematics of nuclear-

level~densities.

*This work supported by the U.S. Department of Energy.

aPermanent Address: Institut fuer Radiumforschung und Kernphysik,
A-1090 Vienna, Boltzmanngasse 3, Austria.



I. TINTRODUCTION

107Ag 1ies in an "island" of isomerism due to the close energy coinci-
dence of 2p1/2 and 1g9/2 shells.! The latter is preferentially filled with
eight protons. A single proton in the 2p1/2 shell governs the ground-state
spin and parity of 1/2-, 7/2+ and 9/2+ levels of the 89/2 shell are found
at low excitation energies (i.e. ~100 keV). Transitions to the ground state
from these positive-parity levels are via M4 radiation, relatively slow and
thus exhibit the isomeric behavior. Subsequent excited levels follow posi-
tive and negative parity sequences based upon the first-excited and ground-
state configurations, respectively. A duality of optical potentials has
been reported from fast-neutron scattering studies in this mass region (i.e.
scattering of 31.0 MeV neutrons from 193mrh).2 One_potential provided a
description of scattering to the odd-parity levels while another, and quite
different one, was found suitable for even-parity levels. The observed
phenomenon was large; amounting to a factor of two or more in the neutron
inelastic-scattering cross sections. It is conceivable that the single
p1/2 proton may polarize the even core with the consequence of significant
direct-reaction excitation of low-lying levels.3 The present studies were
primarily undertaken to examine the reported parity dependence of the optical
potential and secondarily to ascertain, if possible, the contribution of the
direct-reaction mechanism to the neutron inelastic-scattering processes.
The study extended from energies where the compound-nucleus compone;ts
are large and the level structure reasonably well known to energies where
the neutron elastic scattering is essentially all due to a direct process
and thus relatively easily interpreted in terms of an optical potential.

107Ag is a fission product. A model quantitatively descriptive of

neutron-induced processes in the fission-product region is of considerable



applied interest. The deduction and verification of such a model was an
additional objective of the present work.

Subsequent portions of this paper: a) outline the experimental methods
employed in the measurements (Sec. II), b) summarize the experimental results
(Sec. III), c) discuss some physical Interpretations (Sec. IV), and d) briefly

summarize the work (Sec. V).

II. MEASUREMENT METHODS

A. Sample
All of the measurements employed a cylindrical sample of metallic silver

2 cm in diameter and 2 cm long.* The isotopic purity was 98.22 atom-percent
1°7Ag and 1.78 atom-percent 109Ag. In addition, there were some minor chem—
ical impurities with abundances of less than a few hundred weight-parts per
million. The experimental results were analyzed assuming the sample was
entirely 107Ag as corrections for contaminant contributions were estimated
and found to be considerably less than the respective experimental uncer-
tainties. It was assumed that the sample was of uniform density and this
assumption was consistent with the results of simple tests such as weight
and balance. However, it was impractical to destroy the rare sample for
more detailed density assay. A non-uniform density could significantly
affect only the neutron total-cross-section results.

B. Neutron-Total-Cross-Section Measurements

The neutron-total-cross sections were deduced from the observed axial
transmission of pseudo-monoenergetic neutrons through the silver sample in a
conventional manner.® The neutron source was the 7Li(p,n)7Be reaction
with the incident neutron energy spread of 50 keV determined by the thick-
ness of the lithium-source metallic film.® A large shield and collimator

"
defined a neutron beam with a diameter of Al cm at a zero-degree source-reaction



angle. The neutron detector was an organic scintillator placed on the
neutron-beam axis 5-7 m from the source. The neutron source was operated

in a pulsed mode with neutron bursts of ~1 n sec at a repetition rate of

2 MHz. The time~of-flight of the neutrons from the source to detector

was measured. The resulting neutron-velocity spectra were analyzed in

such a manner as to reject the second, and minor, neutron group from the
source reaction and properly account for small background effects. The
silver transmission sample was placed on a wheel together with reference carbon
samples. The wheel interchanged samples and voids in the neutron beam ap~-
proximately 50 times per minute. Data acquisition was correlated with the
sample-void positions using a digital computer. Independent monitoring of
source intensity was not required. Cross sections deduced from the carbon
reference sample were used to verify the fidelity of the apparatus.7 An
ancillary set of measurements employed carbon, silicon and sulfur samples.
The results of the latter measurements, together with the observed threshold of
the source reaction, defined the neutron energy scale relative to well known
neutron-resonance energies and the Q-value of the 7Li(p,n)7Be reaction,6?829
The energy scale was believed to be known to better than 10 keV, i.e. to much
better accuracy than the energy resolution employed in the present silver
measurements. Details of the measurement apparatus and associated techniques
are given elsewhere, !0

C. Neutron-Scattering Measurements

The neutron-scattering measurements were made using the pulsed-beam
time-of-flight technique and the 10-angle detection apparatus at the Argonne
Fast Neutron Generator.l!! The 7Li(p,n)7Be reaction was again used as a
neutron source with the metallic lithium film arranged to provide incident-
neutron energy spreads at the scattering samples of 10-50 keV.® The neutron
source intensity was monitored using a special-purpose time-of-flight system

employing a small plastic scintillator and with several "long counters."



Ten neutron detectors were arranged between scattering angles of N20-160°,
The angular positions of the detectors were variable and two or more angular
settings were generally used at a given incident energy resulting in twenty
or more angle-differential measurements per scattered neutron group. The
angular settings of the detectors were optically determined to

within <0.5°. The absolute normalization of the angular system was established
to within <1.0° by observation of neutrons scattered from hydrogen at a

given incident energy both left and right of the source-reaction center line.
The angular setting was further verified by observation of the well known
minimum in the carbon-differential-elastic-scattering cross sections near

3.5 MeV.7 The scattered-neutron flight paths were generally N5 m. A few
selected measurements were made at scattered-neutron flight paths of N20 m

in order to obtain optimum velocity resolutions. Relative energy-dependent
detector sensitivities were determined by the observation of neutrons scattered
from hydrogen at a fixed incident energy and a variety of angles and/or by
the observation of neutrons emitted at the spontaneous fission of 252¢f,12513
The normalization of the relative detector sensitivities was established by
observation of neutrons scattered from hydrogen at each incident measurement
energy.!2 Thus all 1°7Ag scattering cross sections were determined relative
to the well known H(n,n) cross sections.!* The ten detector-velocity spectra
and that of the monitor were stored within a digital computer system, Sub-
sequent off-line data processing integrated neutron groups identified in the
measured velocity spectra and reduced the integrated-spectra responses to

differential-scattering cross sections. These results were corrected for



multiple-event, beam attenuation and angular resolution effects associated

with both the primary !07Ag measurements and the reference H(n,n) scattering

standard, 1° Concurrently, the differential elastic scattering cross sections ¢

carbon were routinely determined in order to verify the instrument performance,
The above measurement techniques and the particular apparatus have

been extensively described on previous occasions. More detailed information

is available in references 13 and 15.

III. EXPERIMENTAL RESULTS2

A, Neutron Total Cross Sections

The primary experimental objective was the measurement of the energy-
averaged neutron total cross section comparable with the differential scat-
tering results (below) and with the predictions of energy-averaged physical
models (e.g. optical-statistical and coupled-channels models). Thus good
cross section accuracies were sought with broad incident-energy resolutions.
The cross-section measurements were made from ~0.25 to 4.5 MeV in steps of
~10 keV with incident energy resolutions of 30-50 keV. The measurements
were made during several-widely separated measurement periods with consistent
results., The individual experimental values were averaged over energy in-
tervals of 20-50 keV to obtain the final total cross-section results shown
in Fig. 1. Generally, the neutron-total-cross-section results smoothly de-
creased with energy with no clear indication of intermediate structure as
illustrated. The statistical accuracieg of the averaged data points were

52%. Known systematic uncertainties were generally believed much smaller.

aAll numerical experimental values resulting from this work have been
transmitted to the National Nuclear Data Center, Brookhaven National
Laboratory.
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107Ag Measured Neutron Total (circular data points) and Angle-integrated Elastic-
scattering (square data points) Cross Sections. Solid curves are "eyeguides"
constructed through the present measured values. The dotted curves denote the
comparable ENDF/B-IV values.



A possible exception was the uncertainty associated with the uniformity of the
sample density. This was believed negligibly small but was not verified, as
outlined above.

Apparently, no comparable experimental neutron-total-cross-section
results have been reported in the literature. The present results are
2-67% lower than reported elemental values, !6 They are similarly lower than
the neutron total cross sections of 107Ag given in ENDF/B-IV17 as illustrated
in Fig. 1. This is not surprising as the evaluation, in the absence of
measured isotopic values, appears to be based upon the elemental results.,

B. Neutron Elastic Scattering Cross Sections

The differential neutron elastic-scattering cross sections were measured
at incident neutron energy intervals of 100 keV from 1.5 to 2.0 MeV and at
200 keV intervals from 2.0 to 4.0 MeV and over the scattered-neutron angular
range 20°-160°, The incident-neutron energy spreads were ~20-30 keV. The
experimental scattered-neutron velocity resolution with flight paths of
N5 m was sufficient to resolve the elastically-scattered neutron component
from all known inelastic-neutron groups to incident energies of ~3.0 MeV.
The resolutions were less favorable at energies above 3.0 MeV. However,
selected measurements with better resolution obtained with a 20 m flight path
indicated that inelastically scattered neutrons did not appreciably con-
taminate the "elastic" neutron groups observed at the shorter (5 m) flight path
The majority of the differential measurements made during three widely separate
periods were consistent and thus were combined to obtain the final data

set outlined in Fig. 2.
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Measured Differential Neutron Elastic Scattering Cross Sections
of 1°7Ag (data points). Curves indicate the results of least-

square fits of Legendre polynomial series to the measured
values as outlined in the text.
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The statistical uncertainties of the individual differential cross sec-
tions were generally small (522) except near the deep minima. Uncertainties
associated with the determination of detector efficiencies were estimated to
be %32. The measured efficiencies were reproducible to that accuracy and
were supported by concurrent measurements of the differential elastic-
Scattering cross sections of carbon, Uncertainties due to correction
Procedures were generally 52%; again excepting regions near the deep minima.
Thus the overall uncertainties in the differential elastic-scattering values
were generally xS%. Results obtained at the different measurement periods
were consistent to well within this estimate,

The angle-integrated elastic-scattering cross sections were deduced
from the measured differential values by least~square fitting a six-order
Legendre polynomial series to each experimental distribution. These series
were descriptive of the measured values as illustrated in Fig. 2. The
corresponding angle-integrated cross sections are shown in Fig. 1. The
overall uncertainties in the angle-integrated values were estimated to be
5%, The elastic-scattering cross sections and the above neutron total
Cross sections imply non-elastic-scattering cross sections with an accuracy
of 5-7%. This non-elastic result is generally consistent with the inelastic-
Neutron scattering results discussed below,

There are apparently no previously reported experimental results with
which to compare the present elastic-scattering values. HoweQér, the present
elastic—scattering results are qualitatively similar to those previously
observed at this laboratory in the same general mass-energy region (i.e. the
even isotopes of zirconium and molybdenum).!3218 The present angle-integrated
elastic scattering cross sections are generally ~10% smaller than the com-
parable values given in ENDF/B-IV.!7 The latter appear to be the result of

model calculations,
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C. Neutron Inelastic-Scattering Cross Sections

Neutron inelastic-scattering cross sections were determined concurrently
with the above elastic-scattering measurements. Most of the measurements
were made at scattered-neutron flight paths of 5 m, with improved resolution
measurements at 2.5 and 3.0 MeV using 20 m flight paths. Scattering angles
were in the range 20-160°. Incident-neutron resolutions varied from 10-

30 keV. The scattered-neutron resolutions varied widely depending upon the
particular experimental configuration and the incident and exit neutron
energies. Generally a cross section determination was made when at least
five differential-cross-section values were available at a given incident-
neutron energy. The angle-integrated cross sections were determined from
the fitting of a Legendre polynomial series to the differential values in a
manner analogous to that outlined above in the context of elastic scattering.
Most of the observed inelastic-neutron distributions were nearly isotropic

as illustrated in Fig. 3. Thus the order of the polynomial used in the
fitting procedure was low (e.g. through the P, term). A number of the mea-
surements suggested that the observed neutron groups were composites of two
Or more components. This‘was particularly true of neutron groups correspond-
ing to excitations of more than 1.0 MeV and was consistent with the complex
level structure recently observed by Reitmann et al,1? in (n3n',y) measure-
ments. Some of the observed inelastically-scattered neutron groups were
perturbed by contributions from the small-intensity second neutron group

from the neutron-source reaction,’Li(p,n)’Be. In these cases corrections
Were made using the intensity ratios given in Ref. 20,

The observed inelastic-neutron excitation energies were determined from
measured flight paths, flight times and incident-neutron energies and veri-
fied by the observation of neutron groups resulting from well known inelastic

Scattering processes (e.g. scattering from 56Fe). The resulting excitation
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Fig. 3. Illustrative Differential Neutron Inelastic Scattering Cross Sections of 107 pg,
Excitations are numerically defined in keV. Measured values are noted by data
points with [0 = 1.5 MeV incident energy, X = 2.0 MeV and O = 3.0 MeV. Scattef
ing angles are in degrees-lab, cross sections in mb/sr. Curves indicate the
results of model calculations as discussed in Sec. IV of the text.



energies are summarized in Table 1. The stated uncertainties are relevant

to the mean observed values and defined as the RMS deviation from the mean

of at least five measurements. In some cases there were more than 30 inde-
pendent measurements of the excitation energy. These uncertainties should

not be confused with the scattered-ﬁeutron resolutions as the latter were

not only determined by the experimental arrangement but also by the complexity
of the underlying physical structure. Throughout, the objective was the
corrglation of the present experimental results with reported level structure.
Precise energies can be better determined using alternate techniques (e.g.
studies of the (n;n',y) process using a GeLi detector).

More than 20 scattered neutron groups were observed. They were corre-
lated with previously reported level structure as given in Refs., 19 and 21.
The first group was attributed to the reported 93(7/2+)-126(9/2+) keV doublet,
The cross sections are relatively small and the levels closely spaced thus the
two components were not clearly resolved in the present measurements. The
experiments did not resolve the third group from the elastic~scattering
component due to the second neutron group from the source reaction. Thus
the excitation energy was only qualitatively determined and the corresponding
cross sections subject to large corfections resulting in increased uncertain-
ties. The observed 769 keV group was attributed to the reported 787(3/2-)
level. At least three levels have been reported in the vicinity of 950 keV
(922(5/24), 949(5/2-) and 973(?) keV). The fifth observed group at 948 keV
was attributed to the collective sum of contributions from all three reported
levels. A marginally observed group corresponding to a level at 1054 keV
probably corresponds to the reported level at 1049 keV. The seventh observed
group corresponds to an excitation of 1151 keV. It probably is the
result of contributions from the three reported levels at 1049, 1094 and

1143 keV. All higher excitations observed in the present experiments are



TABLE 1., Observed 1°7Ag Excitation Energiesa

No. Ex (keV) No. | Ex (keV)
1 103 + 16 14 1870 + 15}
2 327 + 22 15 1942 + 17
3 425 16 2039 + 31
4 769 + 23 17 2164 * 30
5 948 + 29 18 (2270)

6 (1054) ] 19 (2314)
7 1151 + 21 20 (2389)
8 1242 + 27 21 (2436)
9 1326 + 19 22 (2494)

10 1386 + 25 23 (2555)

11 1487 + 20 24 (2620)

2 Eigg;;]1632 + 25

%ncertainties are RMS deviations from the mean of at least
five measurements. Uncertain values are in parenthesis.
Brackets indicate groups that were combined in the respective
cross section determinations.

Y
bValue is uncertain by 50 keV due to perturbations from the
second neutron group of the source reaction (see text).
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almost certainly composites of contributions from two or more levels. This
assumption is reasonably consistent with the reported density of levels to
excitations of 1.7 MeV as given in Ref. 19, Above 1.7 MeV the level density
increases very rapidly and far exceeds the experimental ability to resolve
individual components.?2

The measured angle-integrated neutron-inelastic~scattering cross sec-
tions are summarized in Fig. 4A and B to excitations of ~2.0 MeV., The
illustrated uncertainties are the results of subjective judgements governed
primarily by experimental resolutions but also including considerations of
counting statistics, detector efficiencies and correction procedures, Cross
sections corresponding to excitations greater than 32.0 MeV were generally
obtained at only a very few incident energies and thus the excitation
functions were not well defined. "Eye-guides" were constructed (aided by
the calculations outlined below) through the measured values as illustrated
in Fig. 4A and 4B. These "eye-guides" were then summed to obtain the total-
neutron-inelastic~scattering cross section. The resulting sum was consistent
to within several percent with the non-elastic~scattering cross section
deduced from the above measured neutron total and elastic-scattering cross
sections.

A few experimental studies of inelastic neutron scattering from ele-
mental silver have heen reported in the literature (e.g. see CINDA 76/77).23
These previous results are not easily compared with the present measured
values as the two isotopes of the element (107 and 109) have similar and
complex excited structure. There appear to have been no previously published
experimental studies of inelastic-neutron scattering from the isotope 1°7Ag

in an energy range comparable with the present results.
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Fig. 4A & B. 1Inelastic Neutron Excitation Cross Sections of 107Ag. Numerical excitation
energies are given in keV. Square symbols indicate measured values. Cross symbols
refer to measurements combining the cross sections for the indicated excitation with
those of the preceding (and lower energy) excitation. The heavy curves indicate the
results of model calculations as described in Sec. IV of the text and the light
curves are "eyeguides" constructed through the measured and/or calculated values.
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IV. PHYSICAL INTERPRETATION
The interpretive procedure was the derivation of a representative
optical potential from the measured neutron total and elastic-scattering
cross sections followed by the subsequent application of that potential and
associated statistical concepts in the assessment of compound-nucleus
(primarily neutron inelastic-scattering) cross sections.

A. A Spherical Optical Potential

The observed neutron elastic~scattering and total cross sections were
utilized to deduce a spherical optical potential consisting of a Saxon real
term, a Saxon-derivative absorption term and a real spin~orbit term of the
Thomas form. 2% Compound-nucleus contributions were calculated using the
Hauser-Feshbach formula?® with width~fluctuation corrections having two
degrees of freedom.2® The calculations were carried out using the computer
codes ABAREX-1 and -2.27 Both programs have the capability of concurrently
least-square fitting measured neutron differential-scattering and total
cross sections.

The potential was primarily deduced from 6-parameter fitting (real and
imaginary strengths, radii and diffusenesses) to the measured differential
elastic-scattering cross sections. Neutron total cross sections were intro-
duced into the fitting procedure with a relatively low weight (e.g. equal
to that of a single differential value). The fitting procedures were con-
fined to two incident-energy regions. 1In the first (1.5 to 2.0 MeV) it was
assumed that the compound-elastic contribution was large and calculable.
The neutron elastic-scattering calculations assumed ~20 excited states
taken from Refs. 21 and 19. Where J" values were not known from previous
work, assignments were made based upon statistical distributions. The

1.5 and 2.0 MeV elastic distributions were given most consideration as



they were detailed and were derived from redundant measurements. In the
second energy region (3.4 to 4.0 MeV) it was assumed that compound-elastic
scattering was negligibly small and thus the observed distributions

could be described by shape-elastic scattering alone. The fitting pro-
cedures were carried out at each measured energy in both of the above
energy intervals. The resulting parameters varied somewhat from energy-to-
energy reflecting experimental uncertainties and possibly, at the lower
energies, actual physical fluctuations in the data. The real-potential
strength decreased with energy in a manner consistent with the form

V=Y

o — 0.3 En (MeV)28 and this energy dependence was accepted for

subsequent calculations. No clear energy-dependent trend of the absorption
strength could be identified from the analysis of the present experiments.
The parameters derived from the individual fitting procedures were averaged
to obtain the general parameter set given in Table 2. This parameter set
is similar to other sets found applicable in this mass-energy region.!8

The above procedures were not appropriate to the intermediate energy
region (i.e. >2.0 MeV .and <3.5 MeV) where the compound-elastic scattering
remains appreciable but knowledgg of the contributing structure is far too
deficient for quantitative calculation of compound-nucleus contributions.
Therefore elastic scattering in the region 2.2 to 3.4 MeV was calculated
by adding an adjusted compound-elastic component to the shape-elastic
contribution so as to optimize the description of the measured values while,
at the same time, maintaining a smooth energy dependence of the compound-
elastic contribution. The resulting compound-elastic-scattering cross sec-
tions behaved in a reasonable manner, generally decreasing with energy, as

illustrated in Fig. 5.

19
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TABLE 2. Optical-Model Parameters

Vo (Mev) 49,74
(real strength)

b
R, (F) 1.211

(real radius)

A, (F) 0.604

(real diffuseness)

W& (Mev) 7.35
(imaginary strength)

b
.190
Rw (F) 1.1

(imaginary radius)

0.707
A, (F)

(imaginary diffuseness)

a s
Saxon form assuming linear energy

V=Vy=-0.,3:E (MeV).
PRadius = R, * Al/3,

cSaxon-derivative form.

dependence, i.e,

In addition, a spin-orbit term of the Thomas form with an 8 MeV

strength was used.
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Fig. 5. Measured Neutron Total (TOT) and Angle-integrated-elastic-scattering (EL) Cross
Sections of 197Ag (data points) Compared with the Results of Calculations (curves).
The calculated compound-elastic (CE) cross section is also indicated.
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_ paper) it must be clearly understood that the calculated results were ob~

Following the above procedures an acceptable description of measured
neutron total and elastic-scattering cross sections was achieved. The calcu-
lated total cross sections agree with the experimental values to within a
few percent throughout the measured energy ranée as illustrated in Fig. 5.
The largest differences are 2-3% at the extremities of the measured energy
range with much better agreement over the large majority of the energy
range. At the low-energy extfemity the small differences between measured
and calculated valﬁes may also reflect true physical fluctuations. The
calculated angle—integrated elastic scattering cross sections are reasonably
consistent with the valués derived from the measurements, as again illustrated
in Fig. 5. More than 60%Z of the experimentally—based results agree with
those obtained by calculation to within the experimental uncertainties and
the remaining values differ from those calculated by less than twice the
experimental uncertainty.

The calculated differential-elastic-scattering cross sections are
generally compared with tﬁe measured values in Fig. 6 and some detailed com—

parisons are shown in Fig. 7. In these two figures (and throughout this

tained with the general potential of Table 2 and are not the results of

explicit fits to individual elastic-scattering distributions. A very 1arge

" majority of the measured values are consistent with those calculated to well

within the experimental uncertainties alone. A few measured values deviate
from those calculated by larger amounts as should be expected from the sta-
tistical nature of the measurement process. In addition there appear td be
gsome small systematic differences, notably at the lowest measurement energies
(vhere the calculations tend to be a few percent low between ~40-60°) and at
the very highest-energies and the largest scattering angles. The low-energy

comparisons may be perturbed by true physical fluctuations such as those known
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to exist in scattering from even nuclei in this mass region18 and even in
much heavier nuclei at energies of N1.5 Mev.22

While there remain some physical and experimental uncertainties in the
above derivation the resulting spheriéal potential of Table 2 provides a
reasonable basis for subsequent interpretations of inelastic neutron scatter-—
ing and other aspects of the interaction of fast neutrons with 107Ag.

B. Statistical-reaction Processes

The interpretation of statistical-reaction processes was based upon
the above optical potential and calculational methodology. The interpreta-
tion was complicated by the uncertain knowledge of the level structure over
the energy range of the present measurements. Low-lying levels (to excita-
tion of xl.l MeV) are fairly well established and were explicitly treated
in the calculations. Contributions from higher-lying levels (excitations
above %1;1 MeV) were approximated by means of the level-density formalism
of Gilbert and Cameron.?2? The level-density parameters (i.e. temperature,
zero-energy and spin-cutoff factor) were taken from the Gilbert and Cameron
tabulation. The spins and parities of the explicitly defined levels em-
ployed in inelastic-scattering calculations were generally taken from
Refs. 19 and 21 and correlated with the experimentally observed excitation
energies as defined in Table 3. Calculated angle-integrated neutron
inelastic scattering cross sections are compared with the corresponding
experimental values in Fig. 4A and some illustrative comparisons of
measured and calculated differential-inelastic-scattering cross sections
are shown in Fig. 3. Generally, the agreement between measured and
calculated quantities is as good as is conventionally achieved in simpler
cases where the level structure is fully defined. However, there are
detailed differences between measured and calculated values as discussed

below.
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TABLE 3. Excitation Energies Employed in the
Inelastic-Neutron-Scattering Calculations

No. Ex (kev) J Exp. Ex (keV)
1 0 1/2- 0
2 93 7/2+
3 126 9/2+} 103
4 325 3/2- 327
5 423 5/2- 425
6 787 3/2- 769
7 922 5/2+
8 949 5/2- 948
9 973 7/2~

10 1049 1/2+

11 1094 3/2+ 1151

12 1143 5/2+

aHigh-energy levels were treated as a statistical distribution
following the level-density formulation of Gilbert and Cameron.22



Compound-elastic scattering calculated with the inclusion of the level-
density distribution was essentially identical to that deduced above at
either extreme of the measured energy range (i.e. at 1.5 and 4.0 MeV). This
was not surprising as the continuum has relatively little effect at 1.5 MeV
and at 4.0 MeV the compound-elastic scattering component is essentially
negligible. In the intermediate energy region calculations inclusive of
the continuum component result in smaller compound-elastic contributions
than deduced above. The difference was largest at xZ.O MeV. Even at that
energy the difference was approximately equivalent to the experimental un-
certainties in the differential elastic~scattering cross sections or smaller.
Thus the inclusion of the continuum component in the above derivation of the
optical potential would introduce additional complexity with little, if any,
effect on the parameter choice. It is reasonable to expect variations from
the level-density model, particularly at the low energies of the present
experiments. Such variations can have a relatively large effect on the
inelastic-scattering chammels. In the present case the calculated low-energy
inelastic scattering cross sections may tend to be too large as the total
compound-nucleus cross section remains fixed while there are indications
that the calculated compound-elastic-scattering cross sections tend to be
somewhat too small.

The excitation of the observed 103 keV level was attributed to contribu-
tions from 93(7/2+) and 126(9/2+) states. With this assumption the calcu-
lated cross sections were systematically larger than the measured values by
more than the estimated experimental uncertainties. The difference may
reflect the presence of competing channels not accounted for in the calcu-~

lations either as discrete levels or as a continuum distribution. This
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premise 1s consistent with the above discussion of the compound-elastic
component. The experimental values may be systematically too low for the
cross sections are small and difficult to experimentally resolve. In any
event, the discrepancy between measurement and calculation is not more than
30Z with the calculated values tending to be the larger. The observed dif-
ferential cross sections are nearly isotropic and the angle-integrated values
fall rapidly with energy, both characteristics of an essentially statistical
process,

The observed levels at 327, 425 and 769 keV were attributed to reported
states at 325(3/2-), 423(5/2) and 786(3/2~) keV, respectively. In each case
the calculated cross sections tended to be somewhat smaller than the measured
values (e.g. by 10-20%). The differences could be easily attributed to
channel competition not fully accounted for by the general continuum of
levels. 1In each of these three cases the differential cross sections were
essentially isotropic and rapidly decreased with energy to values of only
a few mb/sr at energies of 3-4 MeV.

The observed 948 keV level was attributed to the sum of contributions
from reported 922(5/2+), 949(5/2-) and 973 keV levels. The spin of the
latter has not been previously assigned. Calculations were carried out with
accepted 5/2+ and 5/2- J-m values and with a variety of choices for the third
component. A spin of 7/2 gave good agreement with the measured cross sec-
tions as illustrated in Fig. 4A. The observed 1151 keV level was attributed
to the sum of reported levels at 1049, 1094 and 1143 keV. No J-m values have
apparently been reported so, again, the results of calculations employing a
variety of spin combinations were coﬁpared with the measured cross sections.
A 1/2, 3/2 and 5/2 spin sequence led to results in good agreement with the

measured cross sections. A preponderance of appreciably larger or smaller
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spin values proved less satisfactory: However, the experimental comparisons
do not define the order of the spin sequence or the exact values of the
components. Again, the measured differential cross sections for both 948
and 1151 keV levels were essentially isotropic and rapidly decreased with
energy.

_No attempt was made to calculate cross sections for the excitation of
levels béyond 1151 keV as the underlying structure is very complex and
uncertain,

The level-density parameters of Gilbert and Cameron were used through-
out the above calculations extending upward in energy from the last discrete
level at kl.O MeV.22 The sensitivity of the calculational results to these
parameter choices was examined. Reasonable changes in the spin-cutoff factor
had a relatively minor effect on the results. The nuclear temperature was
a sensitive parameter but wide variations did not improve upon the overall
results obtained with the Gilbert and Cameron value of 0.590 MeV. However,
the exercise did suggest that discrete neutron inelastic~scattering exci-
tation cross sections measured well into the continuum region can be used
to determine nuclear temperatures in the low-energy region not easily studied

using more conventional evaporation-spectrum measurement techniques.

V. SUMMARY REMARKS
Detailed measurements of the neutron total and elastic-scattering cross
sections of 1°7Ag provided a foundation for the derivation of an optical
potential. The resulting potential, similar to others found suitable in
the same mass—energy region, was employed to calculate cross sections in
quantitative agreement with the measured neutron total and elastic-scattering

cross sections. The optical potential and associated statistical concepts,
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including a level-density representation of the level continuum, were employed
to calculate neutron inelastic scattering cross sections to excitations of
%1.2 MeV. The calculated neutron inelastic-scattering cross sections were

in qualitative agreement with the measured values. In particular, cross
Section results calculated with the present model did not display a strong
parity~dependent discrepancy with measured values as suggested from studies
of a similar nucleu (1°3Rh) at somewhat lower incident neutron energies

(e.g. ~1.5 MeV).2 The calculated results were sensitive to the choice of

the nuclear-temperature parameters and it is suggested that the measurement
and analysis of a few discrete-neutron—inelastic-excitation functions well
into the low-energy continuum has the potential for nuclear-temperature
determinations in a region not easily carried out using conventional
evaporation-spectrum measurement techniques. The measured differential
neutron inelastic scattering cross sections did not display an angle or
eénergy dependence suggestive of a significant direct-reaction contribution

to the inelastic scattering processes. Comparison of measured and calculated
neutron inelastic scattering processes did suggest some guidelines for the
assignment of heretofore unspecified spins at excitations of xl.O MeV.
Measured neutron cross sections corresponding to the inelastic excitation

of groups of levels to excitations of >2,5 MeV were consistent with non-
elastic cross sections deduced from the measured neutron total and elastic-
Scattering cross sections and define energy~transfer mechanisms of interest
in applied-neutronics calculations. 107Ag is a fission product and the

above model, verified in the present measurement context, provides a suitable
mechanism for the provision of nuclear data for similar, but experimentally

difficult, fission-product nuclides,
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